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The SuperCam instrument suite onboard the Mars 2020 rover will include the Mars Microphone, an experiment
designed to record the sounds of the SuperCam laser strikes on rocks and also aeolian noise. In order to record
shock waves produced by the laser blasts, the Mars Microphone must be able to record audio signals from 100 Hz
to 10 kHz on the surface of Mars, with a sensitivity sufﬁcient to monitor a laser impact at distances up to 4m. The
Aarhus planetary simulator facility has been used to test the Mars 2020 rover microphone in a controlled Martian
environment. The end-to-end tests performed in a 6mbar CO2 atmosphere, with wind, and also with the
microphone at 80 C have demonstrated that the SuperCam/Mars Microphone requirements are satisﬁed. Tests
were also performed on Martian soil simulant targets showing that the variation of the acoustic energy of the
shock wave depends on the level of compaction of the target.1. Introduction
The Mars 2020 mission will launch a rover that will land on, and
explore, the surface of Mars between 30 North and 30 South latitude
and below 1.0 km elevation as part of the NASA Mars Exploration Pro-
gram. The SuperCam instrument suite (Wiens et al., 2017) onboard the
Mars 2020 rover will include the Mars Microphone (Fig. 1). Its primary
purpose is to support the SuperCam Laser Induced Breakdown Spec-
troscopy (LIBS) investigation of soils and rocks on Mars (Maurice et al.,
2015, 2016). As a secondary objective, the Mars Microphone will
contribute to basic atmospheric science allowing passive monitoring of
the acoustic signals generated by wind and convective vortices inter-
acting with the rover structure.
The Mars Microphone is a commercially available condensereronautique et de l’Espace (ISAE
urdoch), baptiste.chide@isae-sup
Malin Space Science Systems,URmicrophone from Knowles Electret. The same technology of microphone
has actually ﬂown to Mars twice before: a Knowles Electret EK-3132 on
the Mars Polar Lander in 1998 that subsequently crashed onto the red
planet (Delory et al., 2007), and a second time, a Gentex 3307-5, in 2007
as part of the Phoenix mission. The microphone was, however, never
turned on during the Phoenix mission due to compatibility issues
regarding the avionics of the probe (Aeronautics and Administration,
1999).1 In order to record LIBS shock waves and atmospheric phenom-
ena, the Mars Microphone must be able to record audio signals from
100Hz to 10 kHz on the surface of Mars, with a sensitivity sufﬁcient to
monitor a LIBS blast at distances up to 4m (typical SuperCam operating
distances). This requirement implies a signal to noise ratio of at least
3 dB at 4m. The Mars Microphone also includes Front-End Electronics
with two stages of ampliﬁcation.-SUPAERO), Universite de Toulouse, 31400, Toulouse, France.
aero.fr (B. Chide).
L: https://www.nasa.gov/mission_pages/phoenix/spacecraft/mardi.html.
Fig. 1. The accommodation of the Mars Microphone on the SuperCam instrument (left) and the ﬂight model of the Mars Microphone and its Front-End Elec-
tronics (right).
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very different to those found at the surface of Earth: the atmosphere is
composed of 96% CO2 with an average density of 0.02 kg/m3, the
average pressure is 6mbar, wind speeds are typically in the order of
5–10m/s (Murdoch et al., 2017 ; Mimoun et al., 2017), and temperatures
at the surface can regularly reach 80 C. The low surface pressure leads
to a very small acoustic impedance, and therefore weak coupling of any
transducer to the atmosphere. Additionally, molecular absorption by
carbon dioxide leads to severe attenuation of the higher acoustic fre-
quencies at the surface of Mars (Williams, 2001). Testing of the Mars
Microphone in Mars conditions is, therefore, essential. Additionally,
while studies have already been performed at ambient pressure to
characterise the laser blast sounds on various rock samples (Maurice
et al., 2017), no detailed characterisation has ever been performed under
Mars environmental conditions. We have used the Aarhus planetary
simulator facility to test four engineering models of the Mars 2020 rover
microphone in a controlled Martian environment. Here, we ﬁrst discuss
the ﬁndings of previous LIBS acoustic measurements (Section 2). Then
we present the test conﬁgurations used at the Aarhus planetary simulator
facility (Section 3), the results of the end-to-end test of the SuperCam
LIBS - Microphone system in the Mars environment (Section 4), and the
ﬁrst detailed characterisation of the LIBS acoustic emission from various
Martian soil analogs in the Mars environment (Section 5).
2. Background
Microphones are sometimes used in laser-induced ablation experi-
ments to monitor, in real time, the coupling between the laser and the
surface of a sample: the acoustic wave peak-to-peak amplitude variation
is dependent on the laser ﬂuence and the surface roughness (Lu et al.,
1997 ). Lu et al., 1997, also outlined different regimes of surface
morphology response as a function of the number of pulses: the cleaning
of the surface occurs ﬁrst, then the surface roughening, and ﬁnally the
ablation of the material. The amplitude response can be predicted with
an empirical model. Other experiments used the evolution of the acoustic
amplitude as an insight into surface damaging (Diaci and Mozina, 1992).
By studying the depth of the crater as a function of the number of shots,
Grad and Mozina, 1993 highlighted a quantitative non linear correlation
between the acoustic energy deposited on the crater and the ablation
rate.
Conesa et al., 2004 demonstrated the usefulness of LIBS shock wave
spectral analysis to give a rapid diagnosis about the plasma formation
mechanisms. Palanco and Laserna, 2003 also used the frequency domain
of laser induced acoustic emissions to study the inﬂuence of the laser
irradiance on metallic targets. However, the instrument bandwidth
(below 22 kHz) does not allow a precise study of the shock wave as its
frequency domain is broad band and centred around 20 kHz (Qin and
Attenborough, 2004).2It is recognized that it is hard to get a quantitative analysis with LIBS
technique because the plasma spectrum intensity depends on the physical
and chemical matrix of the sample targeted (Cremers and Radziemski,
2006). Some studies used the acoustic intensity as a normalisation
technique to compensate the shot-to-shot variation in spectra: the minor
and major component emission peak area was found to be linearly
correlated with the acoustic wave amplitude (Chen and Yeung, 1988),
meanwhile the acoustic energy was used to correct for the plasma
emission decrease as a function of the number of shots. Unfortunately,
this last method does not work for all the wavelengths intervals (Hrdlika
et al., 2009). Similarly, Chaleard et al., 1997 used the acoustic intensity,
representative of the ablated mass, but also the plasma excitation tem-
perature to provide an analytical model for the plasma emission nor-
malisation. As the shock wave produced by a high energy focused laser
pulse incident on a target (“LIBS blast”) is indicative of the target's
physical properties, the Mars Microphone will help reveal target prop-
erties that are otherwise unknown at remote distances.
3. Experiment conﬁguration
The present tests were performed using the Aarhus Wind Tunnel
Simulator II [Holstein-Rathlou et al., 2014] in Denmark over one week in
July 2017. AWTSII is a climatic chamber housing a recirculating wind
tunnel. The cylindrical chamber has a 2.1m inner diameter, and is 10m
in length. The tests were performed at 6mbar of 100% of CO2, achieved
by evacuating the chamber and then repressurizing the chamber with
CO2. The facility is ﬁtted with a suite of environment sensors (tempera-
ture, pressure, humidity) in addition to an in-situ webcam. The AWTSII
chamber is capable of creating Mars atmospheric conditions (including
wind) allowing us to test the Mars Microphone in a fully representative
environment before ﬂight. The large size of the chamber also ensures that
the acoustic measurements can be performed at the required distance of
4m from the target.
Two different test conﬁgurations were used. For the ﬁrst conﬁgura-
tion (Figs. 2 and 3 (a)) two identical microphone benches were installed
at distances of 1.5m and 4m from the laser targets, respectively. The
1.5 m distance corresponds to the anticipated distance between Super-
Cam and the calibration targets on the Mars 2020 rover, and the 4m
distance corresponds to the distance at which the instrument re-
quirements are deﬁned. For the second test conﬁguration (Figs. 2 and
3(b)), used speciﬁcally for the low temperature tests, one microphone
was kept at a distance of 1.5m from the laser target, two microphones
were installed on the cooling plate using a copper support at a distance of
4m from the laser target, and the fourth microphone was placed close
to the cooling plate at a distance of 3.8m from the laser target.
In all of the tests, the chamber was ﬁlled with 6mbar of CO2 and was
kept at ambient temperature. For the low-temperature tests, the cooling
plate and the two microphones attached to it were cooled down
Fig. 2. Schematics of the two test conﬁgurations at Aarhus. Left: First test conﬁguration. Right: Second (low-temperature) test conﬁguration. FEE ¼ Front-End
Electronics; EDU¼ Engineering Development Unit; GSE¼Ground Support Equipment.
Fig. 3. Panoramic photos of the two test conﬁgurations at Aarhus. Above: First test conﬁguration. Below: Second (low-temperature) test conﬁguration.
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cooling plate and, therefore, were not cooled. These tests were designed
speciﬁcally to test the microphone performance. Separate, dedicated
tests have been performed to verify the performance of the Front-End
Electronics at low-temperature.
The speciﬁcally designed mechanical interface for the laser targets
was a sample wheel capable of holding up to 12 different samples with a
30 separation between them. The sample wheel was attached to a
rotating plate inside the wind tunnel (Fig. 4). The sample wheel could
then be rotated from outside the chamber allowing the laser impact point
to be adjusted on one target, or to change laser target.3.1. Optical bench
The SuperCam Engineering Development Unit (EDU) laser was used
for these tests. The EDU is a Nd:YAG laser with a wavelength of 1064 nm,
a 4 ns pulse duration and a laser energy of 25mJ. The optical bench was
located entirely outside the tunnel and the laser was ﬁred through an ISO
200mm borosilicate (Kodial) glass window, 13mm thick. Therefore, to
obtain the necessary focal length of 1.5m, a beam expander (Thorlabs
BE02-1064) was used in combination with a converging lens (CVI Laser
optics PLCX-25.4-772.6-C-1064/532). These optical elements were
chosen taking into consideration the fact that the targets are small (cm-
sized), that the incidence angle of the laser on the targets is 45, and
that the optical elements and chamber window do not have a perfect
transmission. Indeed, taking into account the transmission of the optical
elements (98% for the beam expander, 99% for the converging lens, 92%
for the glass window), the total estimated optical transmission is 89%.
Using this information, and the typical spot sizes determined from the
impact craters, the laser irradiance and energy on the target are esti-
mated to be 1.5 GW/cm2 and 22mJ, respectively.
The laser is ﬁxed on an aluminium plate of roughly 40 by 15 cm
mounted on three height adjustable feet. The beam expander and the
focus lens are mounted on this same frame. A laser pointer (CPS635F
Thorlabs), on a Thorlabs kinematic magnetic mount ﬁxed to the optical
bench, was used for the alignment of the optical elements with respect to
the targets inside the vacuum chamber. During laser operation, the entire
optical bench was covered with a metallic cover for enhanced laser
protection, and operators had to wear safety goggles.
In order to align and focus the laser, a LIBS shot was ﬁrst ﬁred at a
large black painted aluminium plate placed at a distance of 1.5 m (the
black paint is vaporised by the laser impact thus revealing the rawFig. 4. Laser targets on the speciﬁcally designed sample wheel.
4aluminium below and making it easy to locate the impact point). Then,
the alignment of the bench was performed using the laser pointer and the
impact point on the target. Once correctly aligned, the optical bench was
installed in front of the chamber window and the height of the bench and
the laser were manually adjusted. The focus with respect to the laser
targets on the sample wheel (Section 3) was then veriﬁed by listening to
the acoustic signal of the laser impact, which is stronger when the laser is
correctly focused. Then, to conﬁrm the alignment for each new target
used, a test LIBS shot was ﬁred and a visual inspection was performed via
a dedicated porthole to locate the laser impact spot on the target.
The 45 incidence angle of the laser beam on the targets avoided any
direct beam reﬂection into the laser and also allowed us to simulate the
typical LIBS analyses as performed on Mars: targets are typically located
2m away from the rover (horizontally) and are analysed with a LIBS
instrument located approximately 2m from the ground (Maurice et al.,
2012).3.2. Microphone benches
Four engineering models of the Mars Microphones (Knowles Electret
model EK-23132) were used during the tests with their respective ﬂight-
like Front-End Electronics (FEEs). The sensitivity of the Mars Microphone
(and the engineering models) is 22.4mV/Pa and there are two different
stages of ampliﬁcation gains: the ﬁrst stage provides an ampliﬁcation of
16, the second is modiﬁable at either 2, 4, 16 or 64.
For the ﬁrst test conﬁguration, the microphones were installed in
pairs (in order to have two at 1.5m and two at 4m from the target
source). Each microphone was ﬁxed to a plastic support that was in turn
attached to the Printed Circuit Board (PCB) support made of 1.6mm
thick metalised epoxy. For the second conﬁguration, the microphone that
was kept at a distance of 1.5m from the laser target remained attached
to the plastic support and PCB support. Two microphones were installed
on a cooling plate using a copper support at a distance of 4m from the
laser target (see Fig. 5), and the fourth microphone was placed on a
mechanical support as close to the cooling plate as possible (at a distance
of 3.8m from the laser target). Only the two microphones that were
attached to the cooling plate were cooled down. All of the electronics and
the other microphones were not thermally coupled to the cooling plate.
In all of the tests there was also a referencemicrophone (Bruel& Kjaer
Cartridge Model 1/2 inch microphone, Type 4165 or Bruel & Kjaer 1/8
inch microphone, Type 4138). The reference microphone was placedFig. 5. Photo of the two microphones installed on the cooling plate using a
copper support. Another microphone, also seen in the photo, was placed on a
mechanical support as close to the cooling place as possible (not thermally
coupled). The electronics of this microphone were left attached to the PCB
support used during the ﬁrst test conﬁguration.
Fig. 7. Acoustic signals of a LIBS shot measured at 1.5 m from a reference
aluminium target. The multiple arrivals are due to echoes on the walls of the
chamber. The measurements were made with an engineering model of the
Mars Microphone.
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walls as previous work (Lorenz et al., 2017) had noted that these are a
signiﬁcant effect in this chamber.
In order to make sure that there is no evidence for acoustic reso-
nances, a comparison was made of the amplitude of a reference sine
sweep signal recorded by the microphones at 1.5m and 4m. As no fre-
quencies were observed to be signiﬁcantly ampliﬁed, this indicated that
no acoustic resonances altered the measurements.
The data acquisition was performed with a datalogger platform
(National Instruments PXI platform). The ﬁvemicrophones were sampled
simultaneously (and were, therefore, synchronised) at 100 kHz, and a
typical data acquisition lasted 20 s.
3.3. Experimental procedures
As the acquisition system limited the recording time to a maximum of
20 s, the laser was programmed to ﬁre 54 times with a frequency of 3 Hz
similar to a typical ChemCam measurement sequence (Wiens et al.,
2013). This corresponds to 18 s of acquisition and a 1 s margin at the
beginning and at the end of the recording. The standard experimental
procedure consisted in moving the sample wheel in order to have the
desired sample correctly placed, then manually starting the acquisition of
the microphones 1 s before manually starting the laser-ﬁring program.
Microphone acquisitions were also regularly performed without the laser
being activated in order to quantify the background noise in the exper-
iments: this background noise was signiﬁcant, due to the fan and the
operation of various pumps associated with the chamber.
4. Veriﬁcation of the Mars Microphone performance
requirements
Aluminium reference targets were used in order to verify the micro-
phone performance requirements. Here the results of the acoustic re-
cordings of the LIBS shock waves onto aluminium in Martian conditions
are presented.
4.1. Data processing
An example of raw data measured at 1.5 m from an aluminium target
is shown in Fig. 6. The acoustic signals corresponding to the 54 LIBS shots
can be seen. In order to extract each of the 54 individual peaks of the four
Mars Microphones and analyse them separately, the microphones are
synchronised with respect to the reference one. Given its close proximity
to the laser target and thus the larger amplitude signal, the peaks are ﬁrst
detected in the reference microphone data. Knowing the relativeFig. 6. Acoustic signals of 54 successive LIBS shots measured at 1.5 m from a referen
with an engineering model of the Mars Microphone.
5distances of the Mars microphones with respect to the reference micro-
phone, and the estimated sound propagation speed in the tunnel
(280m/s), it is possible to extract the peaks in the all of the
microphones.
Even though the Aarhus chamber is particularly large, there are sig-
niﬁcant echoes that can be observed in the data (Fig. 7). The ﬁrst echo to
arrive at the microphones situated at 1.5 m from the targets will be the
reﬂection from the lower chamber wall located approximatively 41.5 cm
away. It corresponds to an extra distance of 25.5 cm with regard to the
direct wave. Therefore, the ﬁrst echo will arrive 9.1ms after the ﬁrst
arrival assuming a conservative value of 280m/s for the speed of sound.
To avoid complicated data processing techniques to remove the echoes,
the expected arrival time of the ﬁrst echo for each of the microphones is
estimated and only the data up until this time is extracted. Unfortunately,
the signal length after removing the echoes may be smaller than the real
duration of the useful signal.4.2. Typical acoustic signal
The typical waveforms of the acoustic signals measured at 1.5m from
a LIBS aluminium target are shown in Fig. 8. The waveforms of thece aluminium target in a 6mbar CO2 atmosphere. The measurements were made
Fig. 8. Typical waveform of a LIBS shot acoustic peak. There are eight lines
shown on the ﬁgure. Each line represents the acoustic signal from the 25th LIBS
shot of a series of 54 shots onto an aluminium target in eight different acqui-
sitions. All data are from tests performed in 6mbar of CO2 and measured at
1.5 m from the aluminium laser target.
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to have a duration of 0.8ms before the ﬁrst echo. Similarly to previous
experiments [e.g., Diaci and Mozina, 1992], as the acoustic wave arrives,
an initial peak can be seen in the waveform due to the compression of the
gas. This is then followed by rarefaction (decompression) resulting in the
negative part of the signal. The typical amplitude spectral densities of an
entire acquisition (54 shots) can be seen in Fig. 9. The spectra show the
bandwidth of the LIBS acoustic signal to be centered around 1 kHz. It
appears to be featureless in its bandwidth conﬁrming the shock wave
generated by the laser blast as the acoustic source. It can also be seen that
the amplitude of both the background noise and the LIBS signals drop off
above 10 kHz, as expected due to the strong acoustic attenuation (Wil-
liams, 2001).
Signals are also clearly observable in 6mbar of CO2 for the aluminium
laser target with all four microphone gains (Fig. 10). The SNR of the peak
of the acoustic signal is 38 dB for all four gains. Considering the scaled
measurements (Fig. 10, right) the amplitude is seen to increase by 8%Fig. 9. Typical spectra from a full 20 s acquisition containing 54 successive LIBS
shots. Each spectrum corresponds to a different acquisition. The background
noise in CO2 is indicated in black. All data are from tests performed in 6mbar of
CO2 and measured at 1.5 m from the aluminium laser target. The echoes are not
removed from the time series and are, therefore, included in the spectra.
6between the highest and lowest ampliﬁcations gains. However, this is
due to the evolution of the peak amplitude with increasing shot number
(see Section 5.4) rather than any inﬂuence of the gain (the target was not
moved in between these measurements that started in lowest gain and
continued to the highest gain).
The targets were rotated by hand and, therefore, small variations (a
few degrees) from the nominal 45 laser incidence angle may have
occurred between tests. A series of dedicated trials were performed in
which the laser incidence angle was varied by much more (10) than
may have occurred accidentally, and such variations were not observed
to result in signiﬁcant changes in the acoustic amplitudes with respect to
the nominal 45 incidence angle. A small increase (<2%) observed in
peak amplitude when increasing and decreasing the angle of incidence is
likely due to the fact that the off-nominal impacts are occurring on a
previously un-impacted surface.
4.3. Inﬂuence of distance
Fig. 11 shows microphone recordings measured at 1.5m and 4m
from an aluminium target. By looking for threshold crossing to determine
the start of a peak, it was shown that the shock wave travels the 2.5m
separating the two microphones in 9.20  0.02ms. The sound propa-
gation speed in this conﬁguration is then calculated to be 272.9 0.6m/
s, which is consistent with the estimated speed of sound in carbon dioxide
at ambient temperature (Bass and Chambers, 2001). The signal attenu-
ation due to sound propagation can be seen in Fig. 11 and the numerical
values for 54 shots are provided in Table 1. For the same gain, the ab-
solute amplitude ratio between the two peaks is equal to 0.11 which is
the result of the contribution of two attenuation factors: the geometrical
attenuation of the amplitude, due to the propagation of spherical waves,
and the contribution of the molecular attenuation due to the propagation
of a high frequency content in a 6mbar CO2 medium. The sound pressure




with p0 being the initial amplitude and α the absorption coefﬁcient in
m1. It is then possible to estimate α in these test conditions by
comparing the amplitude at two distances r1 and r2 from the source:
α ¼ 1
r1  r2 ½lnðr2  pðr2Þ Þ  lnðr1  pðr1Þ Þ  (2)
Given the results presented in Table 1, the attenuation coefﬁcient
measured between 1.5m and 4m is equal to 0.48m-1. Considering the 
1 kHz frequency characteristic of a LIBS acoustic pulse (see Section 4.2),
this value is similar to the predicted attenuation coefﬁcient of 0.32m-1
computed from the model of (Bass and Chambers, 2001) at 293 K for a
6mbar CO2 atmosphere with relative humidity of 0.88%. However, the
LIBS acoustic signal is not just at 1 kHz and extends over a larger range,
from 500Hz to 6 kHz (see Fig. 9). Over this range, the predicted atten-
uation coefﬁcient is from 0.20m-1 to 0.50m-1 which explains the slight
difference between the experimental value and the attenuation coefﬁ-
cient at 1 kHz.
Despite the high, but expected signal attenuation, the acoustic signals
are found to be clearly recordable in 6mbar of CO2 for the aluminium
laser target at distances of both 1.5 and 4m.
4.4. Tests with wind
Based on an analysis of Viking Lander 2 in-situ wind data, the mean
daytime wind on Mars is expected to be 3.5m/s and 70% of the time
the wind is expected to be < 4.5m/s (Mimoun et al., 2007 ). The back-
ground noise during the wind tests (Fig. 12, left) is both a combination of
the wind noise on the microphone (as we will have on Mars and which is
dominated by low-frequency signals; Lorenz et al., 2017) and the
Fig. 10. Inﬂuence of the microphone second stage ampliﬁcation gain. Acoustic measurements of a LIBS shot onto an aluminium target at a distance of 1.5 m in 6mbar
CO2 atmosphere. The waveforms shown are the mean waveforms of 54 LIBS shots. (Left) The raw microphone data. (Right) The scaled microphone data correcting for
the gain and the microphone sensitivity.
Fig. 11. Signal comparison at different target - microphone distances. Wave-
forms of the acoustic signal of one LIBS shot on the reference aluminium target
as measured by microphones at 1.5m and 4m from the target in 6 mbar of CO2.
The signal from the microphone at 1.5 m is the same than in Fig. 7 but it is cut
before the ﬁrst echo arrives.
Table 1
Signal comparison at different target - microphone distances. Measurement data
are provided for a microphone at 1.5 m and a microphone at 4m from the laser
target. The laser target is aluminium and the tests were performed in 6mbar of
CO2 at ambient temperature. The table give the mean results for 54 LIBS shots.
The SNRrms is the ratio of the RMS signal to the RMS noise, whereas the SNRpeak is
the ratio of the maximum signal amplitude to the RMS noise.
Parameter Microphone at 1.5 m Microphone at 4m
RMS noise (Pa) 2:4 104 2:7 104
RMS signal over 20ms (Pa) 25 104 13 104
Peak signal (Pa) 255 104 29 104
SNRrms 10.2 (20 dB) 4.6 (13 dB)
SNRpeak 106.3 (40 dB) 10.6 (21 dB)
N. Murdoch et al. Planetary and Space Science xxx (2018) 1–12mechanical noise of the fan. As the combined wind and mechanical noise
dominates at much lower frequencies than the LIBS signal (<1 kHz), a
high pass ﬁlter is applied to the data to ﬁlter out the lower frequency
noise (Fig. 12, right). After ﬁltering, the individual LIBS peaks are clearly
observable with a mean SNRpeak of 28 dB (Fig. 13) at 1.5m from the laser
target, and 19 dB at 4m from the laser target.4.5. Tests at low temperature
As described in Section 3.2, a cooling plate was used in order to also7perform tests with the microphones at cold temperature. These tests were
designed in order to validate the Mars Microphone requirement of being
able to clearly detect the LIBS signal at a distance of 4m from the laser
target in a Martian atmosphere with a microphone temperature of
80 C. It was demonstrated that the microphone met this requirement
with a SNRpeak of 26 dB for individual LIBS peaks, and 44 dB for the
stacked (mean) waveform.
5. Variation of the acoustic signal with target hardness
Section 2 illustrated how the shock wave parameters can give insights
into the physical characteristics of the matrix of the sample. In this sec-
tion, the variation of the LIBS blast acoustic signal is studied as a function
of the shot number on seven targets of Martian soil analogue powders
with increasing levels of compaction and hardness.
5.1. JSC-1 targets
The Johnson Space Center Mars 1 (JSC1) is a Martian soil analogue
composed of Hawaiian volcanic ash particles. It is used on Earth to
reproduce the main properties of the Martian regolith such as grain size,
density and mineralogy (Allen et al., 1998).
Seven compacted JSC1 powder pellets were prepared for the exper-
iment using a hydraulic press. The compaction level of the targets ranges
from 2 tonnes to 15 tonnes which corresponds to a compaction pressure
ranging from 0.15 GPa to 1.10 GPa. The targets are cylindrical with a
diameter of 13.1 mm and a height varying from 1.0mm to 2.5mm.
Vickers hardness measurements were performed on the seven JSC1
targets described above with a Micro Vickers Hardness Tester (Buelher
MVK_H1). A pyramidal square-based diamond indenter is pressed on the
sample with a load varying from 10 g to 1 kg. The applied load and the
size of the indenter footprint give the Vickers Hardness number of the
analyzed sample (Bckle, 1959).
The evolution of the mean Vickers Hardness number as a function of
the compaction of the target is represented in Fig. 14. Because of the
varying grain sizes within each of these compacted grain targets, the
dispersion between two successive measurements varies from 2% to 43%
for the targets. The hardness is observed to increase for the less com-
pacted targets up to 6 tonnes of compaction and then seems to reach a
saturation for the most compacted targets.
5.2. Waveforms of JSC-1 targets
The acoustic waveforms for LIBS shots onto the compacted JSC1
targets are presented in Fig. 15. Although the shape of the waveform is
similar to the waveforms produced by laser blast onto the aluminium
target (see Fig. 6) the peak amplitude is ~10 mPa lower for the JSC1
samples than for the aluminium target.
Fig. 15 shows that the peak acoustic amplitude increases with target
Fig. 12. Frequency content of the wind and LIBS
signals. (Left) The amplitude spectral densities of
the background noise in the tunnel (black), the
noise with a wind of 3.5 m/s (dark grey), the
noise with a wind of 4.5 m/s (light grey), and the
LIBS signal with no wind present (red). (Right)
The amplitude spectral densities of the LIBS
signal with background wind at 3.5 m/s before
(dark grey) and after (black) ﬁltering of the
signal. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred
to the Web version of this article.)
Fig. 13. Time series containing 54 LIBS successive shots with background wind at 3.5 m/s before (grey) and after (black) ﬁltering of the signal.
Fig. 14. Vickers Hardness number as a function of the compaction of the JSC1
targets. The error bars give the standard deviation of the ﬁve measurements
performed on each target.
Fig. 15. Waveforms of the acoustic signal from a LIBS shot onto JSC1 targets at
different levels of compaction as measured by the microphone at 1.5 m from the
N. Murdoch et al. Planetary and Space Science xxx (2018) 1–12compaction up to a level of compaction of 6 tonnes. For the higher levels,
the amplitude remains constant. This behaviour follows the variation of
the Vickers Hardness indicating that the hardness is a critical parameter
inﬂuencing the acoustic signal.targets. Each line represents the average signal over 10 LIBS shots around the
300th shot of the acquisition.5.3. Analysis of the target craters
The resulting JSC-1 impact craters were analyzed with a microscope
(Olympus GX 71, magniﬁcation factor x100) and the pictures are rep-
resented in Fig. 16. The average dimension of the crater in the direction
of the laser beam is 828  23 μm. There is no signiﬁcant change in
resulting crater diameter with the target compaction (< 3%). Unfortu-
nately, the 45 laser impact angle makes optical proﬁle measurements
complicated and it is, therefore, not possible estimate further geometric8parameters of the craters such as the depth or the ablated volume. This
will be the subject of future experiments.5.4. Signal energy variation with increasing shot number
Here the evolution of the acoustic energy is studied during 432 suc-
cessive LIBS shots (8 acquisitions of 54 shots) on the same location on a
Fig. 16. Microscope images (x100) of impact craters formed via 432 successive
LIBS shots (8 acquisitions of 54 shots) on JSC1 targets compacted with a load of
2 tonnes (above) and 15 tonnes (below). The measurement was performed in the
direction of the laser beam, as represented by the white line.
N. Murdoch et al. Planetary and Space Science xxx (2018) 1–12JSC1 target. The acoustic energy - the integral of the square value of the
acoustic signal from the beginning of the acquisition to the time of arrival
of the ﬁrst echo (i.e., time window of integration is 1.3ms, see Section
4.1) - is given as a function of the shot number in Fig. 17.
In Fig. 17 three regimes can be distinguished for the three less
compact targets and only two for the most compact ones. At the begin-
ning, an initial regime of constant energy is observed for the 30 ﬁrst
shots. During this regime the absolute value of the energy cannot be
linked to the target compaction; variations may exist due to slight
changes of the laser focus because of the target height and orientation.
Then during the next regime the acoustic energy decreases linearly with
the number of shots. It can be noted that the slope is largest for the least
compact JSC1 target (2 tonnes compaction), reduces for the 3 tonnes and
4 tonnes compacted targets and is then signiﬁcantly lower for the 4 last,
most compact, targets. In fact, there is no longer a difference in the slope
for the targets compacted by 6 to 15 tonnes. Finally, for the three ﬁrst
targets, a third regime can be observed following a sharp slope change.
The shot number where this transition appears is higher for harder
targets.
We suggest that the ﬁrst constant energy regime is linked to the initial
formation phase of the crater. Then, during the second regime as the
energy decreases rapidly, this might indicate that the shock wave is
conﬁned deeper into the crater or that the coupling between the laser and
the crater wall is reduced. In all cases, this could be indicative of the
growth of the crater. The slope of this portion decreases as the compac-
tion increases indicating that, the less compact the target is, the faster we
penetrate into the sample. For the last regime, either the coupling could
have reached a minimum value, or the depth no longer evolves because
of the collapse of the crater wall. This change may also have occurred for
the four most compacted targets if the laser had been ﬁred a few more
times. This suggested evolution of the penetration depth with the number
of shots will be investigated in future studies.95.5. Spectral analysis
The evolution of spectral content of a single LIBS shot can also be
studied. The amplitude spectral density (computed using the Welch
method; Welch, 1967) of the 432 shots on the 15 tonnes compacted JSC1
are represented in Fig. 18. In this ﬁgure, the spectra were estimated over
a 1.3ms long time window and are normalised with respect to the in-
tegral of the median spectrum. As mentioned in Section 4.2, the signal
rises from the noise ﬂoor below 10 kHz. The typical spectrum for each
shot looks similar but the intensity decreases with the number of shots.
This is coherent with Fig. 17 as the energy of the time signal is equal to
the integral of the corresponding spectrum (see Parseval's theorem saying
that the energy of a signal is equal to the integral of the square of its
transform in the frequency domain). As the intensity differences are
largest in the LIBS bandwidth (around 1 kHz), each spectrum is inte-
grated between 700 Hz and 2 kHz. The evolution of the integrated
spectral densities, normalised by the mean value over the ﬁrst 10 shots, is
shown in Fig. 19 for the different JSC1 targets.
The variations of the integrated spectral densities with increasing
shot number(Fig. 19) display the same trends as the acoustic energy re-
sults presented above (Fig. 17): a constant amplitude for the ﬁrst tens of
shots followed by a decrease of the spectral energy with a decreasing
slope as the level of compaction of the target increases. These results
indicate that, for targets with low levels of compaction (< 6 tonnes), it
will be possible to differentiate between targets of different hardness
using the Mars Microphone.
5.6. Application to Martian soils
It has been demonstrated above that the microphone could be used as
a remote sensing tool to differentiate soils with different levels of
compaction at distances up to 4m from the SuperCam instrument aboard
theMars 2020 rover. This complementary information about the physical
properties of targets will provide an additional way to retrieve the
geologic context of soils.
On its way to Mount Sharp, the Mars Science Laboratory Curiosity
rover spent several sols investigating the Rocknest aeolian bedform,
where the scoop was ﬁrst used to collect and deliver solid samples into
mineralogical and chemical analysis instruments (Blake et al., 2016). The
Mars Hand Lens Imager (MAHLI) took close-up pictures of the scoop
trenches (Fig. 20, left) to get the morphology and the internal structure of
the sand deposit. This revealed a stratiﬁcation composed of a coarse grain
cohesive crust on the surface followed by the superposition of armored
strata and moderate ﬁne grain cohesive sand within the interior (Minitti
et al., 2013). This crucial information, that gives insights into the con-
ditions of formation of this sand shadow, were acquired at less than
30 cm working distance.
ChemCam LIBS measurements were performed on the scuff sidewalls
on Mars (Fig. 20, right). In the context of the Mars 2020/SuperCam in-
strument, the measure of the shock wave energy from theses 15 craters
would have been useful to compare the compaction level of the different
layers. During the Mars 2020 mission, the Mars Microphone acoustic
measurements will be available for each SuperCam LIBS target, at dis-
tances of up to 4m from the rover.
6. Conclusions
The SuperCam instrument suite onboard the Mars 2020 rover will
include the Mars Microphone (provided by ISAE-SUPAERO in France)
and will be the ﬁrst microphone to record sounds from the surface of
Mars. In order to record LIBS shock waves and atmospheric phenomena,
the Mars Microphonemust be able to record audio signals from 100Hz to
10 kHz on the surface of Mars, with a sensitivity sufﬁcient to monitor a
LIBS shock wave at distances of up to 4m. The Aarhus planetary simu-
lator facility has been used to test the Mars 2020 rover microphone in a
simulated Martian environment, and to verify that the SuperCam
Fig. 17. Evolution of the acoustic energy during a series of 432 successive LIBS shots on the 7 compacted JSC1 targets.
Fig. 18. Amplitude spectral densities of the acoustic signals for 432 successive
LIBS shots measured by the microphone at 1.5 m from the 15 tonnes compaction
JSC1 target. The black line corresponds to the median spectrum over the 432
individual spectra. The grey line shows the environmental noise spectrum in
CO2. All the spectra are normalised with respect to the integral of the median
spectrum. The noise spectrum was computed over a time window of the same
duration as the LIBS shot spectra (i.e., 1.3 ms).
Fig. 19. Evolution of the integrated spectral density between 700 Hz and
2000 Hz during a series of 432 successive LIBS shots on the 7 compacted JSC1
targets. For each target the values are normalised by the mean value over the 10
ﬁrst shots.
N. Murdoch et al. Planetary and Space Science xxx (2018) 1–12instrument requirements are met. The tests using an aluminium reference10target have demonstrated that the acoustic signal of a laser blast is clearly
recordable on the Mars Microphone in 6mbar, CO2 at distances of both
1.5 m and 4m from the laser target (with a peak SNR of 40 dB and 21 dB,
respectively). The presence of wind adds a high amplitude, low
Fig. 20. Epworth3 ChemCam target at the Rocknest location. (Left) Mastcam image of the scoop trench where the target is located (white circle). (Right) Remote
Micro Imager (RMI) close-up of the 15 craters made by ChemCam on the sidewalls. Images: NASA/JPL-Caltech
N. Murdoch et al. Planetary and Space Science xxx (2018) 1–12frequency, component to the acoustic signal. However, the wind signal
can be removed with simple ﬁltering resulting in the individual LIBS
peaks being detected with a peak SNR of 28 dB at 1.5 m from the laser
target and 19 dB at 4m from the laser target. The experiments performed
with the microphone at 80 C (in a CO2 6mbar atmosphere) and at 4m
from the laser target have demonstrated that the peak amplitude of the
LIBS acoustic signal can be detected with a SNR of 26 dB. Therefore,
these experimental results performed in a Martian environment have
demonstrated that the SuperCam/Mars Microphone performance re-
quirements are satisﬁed.
Tests in the controlled Martian environment on seven Martian soil
analogue targets with an increasing hardness and level of compaction
have demonstrated that the acoustic energy is indeed a reliable param-
eter to describe the shock wave caused by a laser blast. The acoustic
energy decreases as a function of the number of LIBS shots, with a steeper
decrease for the less compact targets. This supports the idea that ablation
rates and thus penetration depth may be linked to the target compaction
and hardness. These results indicate that similar SuperCam/Mars
Microphone experiments on Mars will be able to differentiate weakly
consolidated Martian soils of different compaction levels.
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